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Abstract
In order to describe the exchange of water and sediment through the Venice
Lagoon inlets a 3-D hydrodynamic and sediment transport model has been
developed and applied to a domain comprising Venice Lagoon and a part
of the Adriatic Sea. The model has been validated for both current veloc-
ities and suspended particle concentration against direct observations and
from observations empirically derived fluxes from upward-looking Acoustic
Doppler Current Profiler probes installed inside each inlet. The model allows
also for the estimation of the suspended sediment transport in the lower 3
m of the water column that is not detected by Acoustic Doppler Current
Profiler sensors. The bedload model prediction has been validated against
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measured sand transport rates collected by sand traps deployed in the Lido
and Chioggia inlets. Results indicate that, in the Lido inlet, 87% of the total
load is in suspension, while the rest moves as bedload.
Key words: Finite element model, Venice Lagoon, Tidal inlets, Sand
transport
1. Introduction
Coastal lagoons are shallow water bodies partially isolated from the adja-
cent sea by a sedimentary barrier and connected to it through one or several
tidal inlets. The hydrodynamic behavior in these coastal systems, even if is
driven mainly by tide, is very complicated since this area contains a lot of
different processes. Model applications could be useful in understanding the
main physical processes, since the complete field data sets is, however, hard
to obtain.
The main purpose of this study is to investigate the dynamics of the
Venice Lagoon inlets in order to simulate the fluxes of water and sediment
between the lagoon and the sea (Fig. 1). Three jettied inlets, situated at
the eastern boundary of the lagoon, exchange waters between the northern
Adriatic Sea and the lagoon.
The sediment transport between the lagoon and the sea, and its effects
on the morphology, is of crucial importance in the management of many
aspects regarding the safeguarding of the lagoon environment and the city of
Venice. The order of magnitude of the loss of sediment (especially fines) is
yet debated Carbognin and Cecconi (1997); Sarretta et al. (2009); Defendi
et al. (2009).
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Fine sediment in the inner lagoon is mainly resuspended by wind gener-
ated waves and then transported by the tidal currents (Tambroni and Semi-
nara, 2006; Carniello et al., 2005; Ferrarin et al., 2008). Anyway, as discussed
by Umgiesser et al. (2004b), the wave effects of the bottom stress is negligi-
ble for the inlet regions of the Venice Lagoon and, even during severe storm,
wave induced set-up in the lagoon is small compared to the wind induced
set-up (Roland et al., 2009; Nguyen et al., 2007). Moreover, since the inlets
are placed a few hundred meters away from the shore, a reduced amount
of sediment resuspended by wave breaking in the surf zone would be able
to reach the inlets during the flood phase (Tambroni and Seminara, 2006).
These previous findings allow us to exclude the waves when simulating the
inlets dynamics.
In the last decade, several numerical models have been applied to provided
a detailed pictures of the inlets dynamics using 1-D and 2-D approaches. Bel-
lafiore et al. (2008) applied a 2-D finite element model hydrodynamic over
a spatial domain comprising both the Adriatic Sea and the Venice Lagoon
to simulate the water exchange between the sea and the lagoon. The good
agreement between modelled and measured fluxes at the inlets demonstrated
the efficiency of the model to reproduce tide-induced water exchanges be-
tween the sea and the lagoon basin.
Tambroni and Seminara (2006) applied a simple model of the inlet hydro-
dynamics to estimate the net exchange of sand associated with the sequence
of tidal events. As a result of their 1-D sediment transport model they con-
cluded that the yearly loss of sand though the Venice inlets is in the order of
0.1 × 106 m3 yr−1. As well, modelling by Umgiesser et al. (2006) indicates
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an export of sand from the lagoon through Lido inlet through erosion of the
major tidal channels.
These previous modelling studies lack a detailed vertical resolution of
currents in the inlets for an adequate computation of the bed shear stresses
that are fundamental in the estimation of suspended and bedload transport
rates. The objective of this work is to provide, using a 3-D model (which is the
new aspect of this work), quantification of water and sediment fluxes through
the Venetian inlets, also within the lower 3 m of the water column that is
not detected by the fixed ADCP sensors. It is therefore a preliminary step
to a more ambitious goal, the quantification of the sediment budget through
numerical modeling. This estimation will be the topic of a forthcoming paper,
where also the wave model will applied inside the Venice Lagoon.
2. Study area
Venice Lagoon, a coastal system located in the Northwest Adriatic Sea
(Fig. 1), covers roughly an area of 500 km2; its major axis is oriented north-
east to south-west. It is characterized by a complicated network of channels,
intertidal flats and shoals. A few principal deep channels (maximum depth
around 15 m) cross an area of very shallow water with an average depth on
the order of 1 m. The three inlets are called, from north to south, Lido,
Malamocco and Chioggia and are from about 500 to about 900 m wide and
up to 15 m deep.
All three inlets, Lido, Malamocco and Chioggia, are fixed by long jetties
which extend far offshore. The construction of jetties has definitely enhanced
the degree of ebb-flood asymmetry experienced by the flow field in the near-
4
inlet region, suggesting that a net exchange of sediments through the inlet
in each tidal cycle may be driven by purely hydrodynamic factors (Tambroni
and Seminara, 2006).
The main driving forces for water circulation within the lagoon are the
tide (about 1 m excursion during spring tides) and the wind. The tide prop-
agates into the lagoon along the deep, narrow channels onto the tidal flats
and tidal marshes.
Due to the high tidal energy and relatively shallow water, the water
masses are generally well mixed (Umgiesser et al., 2004a). In particular
inside the inlets, where the water velocities are high (over 1 m s−1), the ver-
tical shear creates enough turbulence to mix the water column (Gacˇic´ et al.,
2002). Stratification of water masses occurs only in the inner lagoon where
the tidal energy is attenuated. Consequently the water exchanges between
the lagoon and the sea that are driven mainly by the tide and the wind ac-
tion, are essentially barotropic in nature (Gacˇic´ et al., 2002). Over 90 per
cent of the total variance in the average water flux through the inlets is due
to tidal forcing and the amount of marine water that flows in and out during
each tidal cycle amounts to about a third of the total volume of the lagoon
(Gacˇic´ et al., 2004).
Sediment features are affected by hydrodynamics with coarser materials in
the proximity of the inlets and tidal channels and finer materials in mudflats
and salt marshes (Molinaroli et al., 2007).
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3. Description of the models
The unstructured grid-based numerical model used in this study is a cou-
pled 3-D current and sediment transport model working simultaneously on
a common finite element grid. The 3-D hydrodynamic finite element model
SHYFEM (Umgiesser, 1997) solves the shallow water equations with a semi-
implicit algorithm that is unconditionally stable for gravity waves. At each
time step, the resulting 3-D model computes for every node of the numerical
domain the water level and the current velocities in each layer. Thereafter
the sediment transport rate model SEDTRANS05 (Neumeier et al., 2008)
computes the erosion and deposition rates and determines the suspended
sediment volume at the bottom model layers for several sediment sizes. Fi-
nally, suspended sediment transport is computed by means of a transport
and diffusion module whereas the bedload sediment transport is computed
by means of a direct advection scheme.
The 2-D version of the morphodynamic model has been extensively de-
scribed in Ferrarin et al. (2008). Here we report on the extended 3-D model
formulation.
3.1. The Hydrodynamic model
The hydrodynamic model SHYFEM here applied has been developed
at ISMAR-CNR (Institute of Marine Science - National Research Council)
(Umgiesser and Bergamasco, 1995; Umgiesser et al., 2004a).
The model uses finite elements for horizontal spatial integration and a
semi-implicit algorithm for integration in time. The finite element method
is highly flexible due to the subdivision of the numerical domain in triangles
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varying in form and size. It is especially suited to reproduce the geometry and
the hydrodynamics of complex shallow water basins such as Venice Lagoon
with its narrow channels and small islands.
Velocities are computed in the center of each element, whereas scalars are
computed at each mode. Vertically the model applies Z layers with varying
thickness. Most variables are computed in the center of each layer, whereas
stress terms and vertical velocities are solved at the interfaces between layers.
The model resolves the primitive equations, vertically integrated on each
layer. The horizontal diffusion, the baroclinic pressure gradient and the ad-
vective terms in the momentum equation are treated fully explicitly. The
Coriolis force and the barotropic pressure gradient terms in the momen-
tum equation and the divergence term in the continuity equation are semi-
implicitly treated. The vertical stress terms and the bottom friction term are
treated fully implicitly for stability reasons due to the very shallow nature
of the lagoon. The discretization results in unconditional stability which
is essential for modelling the effects of fast gravity waves, bottom friction
and the Coriolis acceleration (Umgiesser and Bergamasco, 1995). For the
computation of the vertical diffusivities and viscosities a turbulence closure
scheme has been used. This scheme is an adaptation of the k- module of
GOTM (General Ocean Turbulence Model) described in Burchard and Pe-
tersen (1999).
The equations, integrated on each layer, are:
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with l indicating the vertical layer, (Ul, Vl) the horizontal transport at each
layer (integrated velocities), f the Coriolis parameter, pa the atmospheric
pressure, g the gravitational acceleration, ζ the sea level, ρ0 the average
density of sea water, ρ = ρ0 + ρ
′ the water density, τ the internal stress term
at the top and bottom of each layer, hl the layer thickness, Hl the depth of
the bottom of layer l, AH the horizontal eddy viscosity.
The boundary conditions for stress terms are:
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y τ
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y (4)
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√
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L (5)
where cD is the wind drag coefficient, cB is the bottom friction coefficient,
ρa is the air density, (wx, wy) are the zonal and meridional components of
the wind velocity respectively and (uL, vL) is the water velocity in the lowest
layer.
At the lateral open boundaries of the domain, the water levels are pre-
scribed while at the closed boundaries the normal velocity is set to zero and
the tangential velocity is a free parameter. This corresponds to a full slip
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condition. The model also simulates flooding and drying of the shallow water
flats. This is especially important in Venice Lagoon, because the intertidal
area covers about 15% of the lagoon at low water spring tide conditions. The
flooding and drying mechanism has been implemented in a mass consistent
way, and spurious oscillations that are generated are quickly damped. When
the water levels fall below a threshold of 5 cm, the element is removed from
the computation, and water mass is conserved to compute water levels at
every time step with a laplacian interpolation. The element is reintroduced
into the computation when the interpolated water level values are higher
than a second threshold of 10 cm. The wet and dry mechanism and its
implementation into the model is fully described in Umgiesser et al. (2004a).
3.2. The sediment transport model
The sediment transport model SEDTRANS05 (Neumeier et al., 2008)
simulates erosion and sedimentation rates under either steady currents or
the combined and time-dependent influence of waves and currents.
The model adopts the Grant and Madsen (1986) continental shelf bot-
tom boundary layer theory to predict bed shear stresses and the velocity
profile in the bottom boundary layer. The velocity computed by the 3-D
hydrodynamic model in the bottom layer is used to calculate the bed shear
stress. SEDTRANS05 provides 5 formulations to predict sediment transport
for non-cohesive sediments: the methods of Brown (1950), Yalin (1963) and
Van Rijn (1993) predict the bedload transport; the methods of Engelund and
Hansen (1967) and Bagnold (1963) predict the total load transport.
Multiple grain sizes are used to track changes in seabed texture, and
differential transport of material. At each location, the bed is modeled as
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several layers, the uppermost of them represents the surficial active, or mixed,
layer. For each size class, the volume of sediment removed from the bed
during any time step is limited by the amount available in the active layer.
In this way the model takes into account time-dependent and spatial sediment
distribution and bed armouring.
Further details on the sediment transport algorithm for cohesive and
sandy sediments are given in Neumeier et al. (2008) and Ferrarin et al. (2008).
The 3-D formulation of the advection-diffusion equation for suspended
sediment reads:
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∂z
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+
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∂z2
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where Sl is the suspended sediment concentration (SSC) in the layer l, νh
and νv,l are the horizontal and vertical turbulent diffusion coefficients, re-
spectively, and ws is the (positive) settling velocity. The term F represents
external source terms. This equation conserves sediment mass that is ad-
vected with currents, deposits due to gravity and diffuses due to turbulence.
Vertical boundary conditions for the advection-diffusion equation are:
+νv,top
∂Stop
∂z
+ wsStop = 0 z=top of the surface layer
−νv,bot∂Sbot
∂z
+ wsSbot = ED z=bottom of the lowest layer
(7)
where ED is the net sediment water column-bottom flux, corresponding to
the difference between resuspension and deposition for each grain class.
The vertical mixing coefficients νv,l are calculated by the k- turbulence
closure model.
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4. Application to Venice Lagoon
4.1. The simulation set-up
The hydrodynamic numerical computation has been carried out on a spa-
tial domain that represents Venice Lagoon and the shore in front of the la-
goon by means of a grid that consists of 17278 nodes and 31910 triangular
elements (Fig. 1). Only a small part of the northern Adriatic Sea (up to 15
km offshore) has been used in computation in order to reduce the computa-
tional time. Additionally this choice is connected with the handling of the
wind forcing. In fact the implementation described in Bellafiore et al. (2008)
applied the ECMWF wind dataset over the entire Adriatic Sea, which suffer
a general under-estimation in speed (Zampato et al., 2007). In the present
work, the choice of a limited computational domain allows one to use mea-
sured data collected at the Oceanographic Tower Acqua Alta (black square in
Fig. 1) instead of using the low resolution meteorological modelled dataset.
This improves the accuracy of wind forcing especially in the region of the
Venice Lagoon.
The inlet configurations include the infrastructures related to the Mo.S.E
project (from the Italian acronym for “Experimental Electromechanics Mod-
ule”) to defend the city of Venice and the surrounding lagoon from high water
events. The project entails building mobile barriers at the bottom of each
inlet which, when flood events threaten to become critical, will rise and shut
off the lagoon from the sea. The main changes around the Lido inlet are the
construction of an artificial island in the middle of the inlet, the dredging
of a new channel behind this new island and the creation of two safety har-
bours in the sides of the channel. In the other two inlets (Malamocco and
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Chioggia), outer breakwaters have been built in the sea near the inlets and
safety harbours have been created at the sides of the channels (Fig. 1).
The use of elements of variable sizes, typical of finite element methods,
was fully exploited, in order to suit the complicated geometry of the basin,
the rapidly varying topographic features, and the complex bathymetry.
The bathymetric data adopted for this study was collected in 2000. In
this application the water column has been discretized into 17 vertical layers
with variable thickness ranging from 1 m, in the topmost 10 m, to 7 m for
the deepest layer of the outer shelf.
All simulations were forced by observed values of wind recorded inside the
lagoon and offshore at the Oceanographic Tower Acqua Alta. Open bound-
aries are treated by defining observed water levels at the Oceanographic
Tower Acqua Alta. In this paper the baroclinic contribution is not consid-
ered therefore the model results takes into account only the water exchanges
between the lagoon and the sea induced by the tide and wind action. Hy-
drodynamic model parameters used in the simulation are listed in Table 1.
Seven grain-size classes of non-cohesive sediment ranging from medium
to very fine sand, and 11 classes in the silt and clay ranges were prescribed.
The grain size distribution of bottom sediments has been mapped onto the
finite element grid from more than 100 field samples (Magistrato alle Acque
- Consorzio Venezia Nuova (MAV-CVN), 1999). Grain size distribution were
considered to be homogeneous within each sediment layer.
The critical erosion threshold and surface sediment density in Venice La-
goon have been found to be seasonally and spatially highly variable. Amos
et al. (2004) investigated the stability of tidal flats in Venice Lagoon in
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two surveys during summer 1998 and subsequent winter, using two annu-
lar flumes: Sea Carousel and Mini Flume. The measured lagoon-averaged
values of τce was 1.77 Pa in the intertidal zone and 0.70 Pa in the subtidal
zone. Amos et al. (2004) showed that the critical erosion threshold could be
predicted from sediment bulk density. Due to its spatial variability across
the lagoon, the surface sediment density distribution has been initialized with
field data collected over the whole lagoon (Magistrato alle Acque - Consorzio
Venezia Nuova (MAV-CVN), 1999).
In this study only the van Rijn algorithm is applied, because previous
studies (Neumeier et al., 2008; Villatoro et al., 2009) showed that it yields
the best results for Venice inlets.
All simulations presented in this work are for the year 2006.
4.2. Validation data
4.2.1. ADCP data
A seabed mounted, upward-looking, fixed ADCP was installed in each
of the three tidal inlets of Venice Lagoon (Gacˇic´ et al., 2004; Kovacˇevic´
et al., 2008) (red diamonds in Fig. 1). This type of installation acquires
current velocities and acoustical backscatter, which is calibrated to suspended
particle concentration. The purpose of these installations is to study the
time-dependent variability of inlet currents, water exchange rates, and net
residual sediment transports.
During a pilot phase that comprised neap and spring tides, about 100
ship-borne ADCP surveys ware conducted to establish a mathematical rela-
tionship between the vertically averaged water velocities collected with the
bottom mounted ADCP and the inlet cross-sectional flow rates. Gacˇic´ et al.
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(2004, 2002) found that the 10-minute flow rates could be predicted with a
precision of 97% (95% confidence level) using a linear transfer function. In
this way, empirically related fluxes can be provided at high temporal resolu-
tion.
Parameters of an inverse model to derive suspended sediment concen-
trations from ADCP backscatter intensities were tuned by means of corre-
sponding water samples taken at various depth at the moorings and during
the ship surveys. The estimate of the hourly concentration uncertainty is
about 3 mg/l (Defendi et al., 2009).
The suspended solid flux from the bed-mounted ADCP is obtained from
the hourly concentration estimates multiplied by the discharge. The sus-
pended sediment concentrations are vertically averaged values and refer to
the portion of water column above the fixed ADCP. Cross-sectional flux
obtained from vessel surveys is computed from the suspended sediment con-
centrations averaged over the transect crossing the inlet and passing over
the position of the bed-mounted ADCP. The uncertainty on the total solid
transport, computed using the method of error propagation, was about 16%
at 95% confidence level (Kovacˇevic´ et al., 2007; Defendi et al., 2009).
4.2.2. Sand trap data
Sand transport rates at the Lido (2006) and Chioggia (2006, 2007 and
2008) inlets were measured using Helley-Smith sediment traps, equipped with
60 micron nets. Modified Helley-Smith sand traps and a surface sampler were
deployed synchronously from a boat for periods of 20 minutes duration. Two
Helley-Smith samplers sat on the bed in benthic (bedload, 0 <z <0.12 m)
and epibenthic (0.21 <z <0.33 m) modes. A third sampler was fixed to
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the vessel near the surface. The samples covered a wide range of current
velocities over both the flood and ebb phases of the tide.
Additional data collection at Lido (2006) and Chioggia (2007) sites con-
sisted of near bed current velocity (0.34 m above the bed) measured with a
acoustic Doppler velocimeter (ADV) mounted on a frame that was lowered
to the bed.
See Amos et al. (2009) and Villatoro et al. (2009) for further details and
discussion on the sand trap and surveys methodology.
5. Results and discussion
The 3-D hydrodynamic model has been validated for the following key
variables:
• propagation of the tidal wave by comparison with observed water levels;
• magnitude of modelled friction velocity by comparison with observed
current magnitudes and vertical current profiles;
• mass exchange at the inlets by comparison with observed and empiri-
cally related fluxes.
The sediment transport model has been tested and model results are
compared against:
• suspended sediment concentrations derived from ADCP backscatter
intensities;
• bedload transport rates measured using sand traps;
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• total sediment transport through the Lido inlet derived from ADCP.
Results regarding sediment transport refer only to the Lido and Chioggia
inlets, where accurate bathymetry and sediment grain size distribution is
available. In the following the results are presented and discussed.
5.1. Hydrodynamics
5.1.1. Water levels
In previous studies, the 2-D version of SHYFEM has been validated and
calibrated for Venice Lagoon (Umgiesser, 1997; Umgiesser et al., 2004a; Fer-
rarin et al., 2008) and the Adriatic Sea (Umgiesser and Bergamasco, 1998;
Bellafiore et al., 2008). In this work, a further step was undertaken in com-
paring the 3-D model results with observed water level data.
The model reproduces the tidal wave propagation inside the lagoon and
the wind set-up. The tide propagates in the lagoon along the deep narrow
channels in midst shallow areas (1 m in average) and tidal marshes.
A satisfactory agreement between the computed and observed free sur-
face elevation inside and outside the lagoon is found. The statistical results
for the water level for all eight tide gauges (marked with yellow circles in
Fig. 1) over the investigated period is summarized in Table 2. The corre-
lation coefficient is close to 1 for all monitoring stations and the root mean
square error (RMSE) is between 2-4 cm. The average BIAS, computed as
the difference between mean of the observations and simulations, amounts to
0.8 cm and the average scatter index (SI), equal to the ratio of the RMSE
and the averaged value of the observations, amounts to 0.12.
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5.1.2. The vertical structure of the tidal flow
The hydrodynamic model yields the 3-D structure of the circulation pat-
tern in the inlets, whilst the ADCP data allow us to test the model accuracy.
Vertical velocity profiles have been evaluated by the model at the fixed
ADCP locations. Fig. 2 shows the modelled and measured vertical velocity
profiles over a full tidal cycle and in Fig. 3 the time series of the computed and
measured current velocity at Lido inlet at different depths are reported. The
measured and computed flow velocity compare favorably well. The accuracy
of the model is measured by the statistical properties reported in Table 3.
The analysis has been carried out on the velocity speed at the uppermost
and lowermost ADCP bin cells.
The RMS error for the simulated period range between 8 and 20 cm
s−1, BIAS in the order of few cm s−1 with a correlation coefficient above
0.83 in all inlets. Current velocity is modelled with a satisfactory accuracy
throughout the water column, and especially in the lowermost ADCP layer,
where the RMSE is 14.5, 7.9 and 12.0 cm s−1 for Lido, Malamocco and
Chioggia respectively. This highlights the capacity of the model to describe
the current patterns close to the bed, which is crucial for the evaluation of
sediment transport. The statistical analysis shows that the model yields the
best results at the Malamocco inlet with the smallest RMSE, BIAS and SI
and the highest correlation coefficient.
As shown in Fig. 2 a striking feature of the flow is the logarithmic increase
in current speed with height above the bed, suggesting the presence of a
boundary layer flow which can be described by the law of the wall:
u(z) =
u∗
k
ln(
z
z0
) (8)
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were, u(z) is the current velocity at height z, u∗ is the friction velocity, z0 is
the roughness length and k is the Von Karman’s constant (0.40).
Identifying the existence of a log-layer is important because it provides one
way to estimate the bottom stress. The fitting of measured velocity profiles to
the logarithmic form (Eq. 8) is tried in a least-square sense starting with the
lowest three data points following the approach of Lueck and Lu (1997). The
error in the fitting is calculated as the maximum magnitude of the difference
between the fitted values of u(z) and the observed data at each velocity bin.
For a fit to be acceptable we require that this error is less than 1% of the
maximum speed of the bins involved.
The fitting was tried with 52561 velocity profiles collected in the Lido
inlet and covering the whole 2006 year. The profiling range obtained for the
Lido inlet was from 2.9 to 11.0 m above the bed. Only 21.5 % of the velocity
profiles can be fitted with a log-layer. The remaining 78.5 % have a log-layer
height less than 4.9 m, or no log-layer at all. To exclude the period around
slack water, the analysis has been successively restricted to situations repre-
senting sediment transport stage, which has been defined when the current
speed in the lowest bin exceed the critical velocity at that depth. Friction
velocity at 2.9 m above the bottom has been evaluated using equation 8 and
considering the site specific critical friction velocity for sediment movement
found by Amos et al. (2009) (0.017 m s−1). 30716 velocity profiles result
to be in the transport stage and only 35.3 % of them can be fitted with a
log-layer.
From these results we argue that in principle the bottom boundary prop-
erties of this site could not be performed scaling the vertically mean velocities
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from a 2-D model.
To highlight the real need of a 3-D approach a comparative case study
has been performed. ADV near bed (0.34 m above the bed) current velocity,
vertically mean velocities from the 2-D model and velocity from the last 3-
D model layer (1 m above the bed) has been used to estimate the friction
velocity through equation 8 using a roughness length of 0.002 m (Amos et al.,
2009). As show in Fig. 4 the 3-D model reproduces the bottom friction
velocity more accurately than the 2-D model. The friction velocity derived
from 2-D model is underestimated in both Lido and Chioggia cases during
the ebb phase, revealing the limit of this approach in reproducing tidal flow
in the inlets.
5.1.3. Water fluxes
Once the model was validated against water levels and velocities, it was
used to estimate the water exchange through the three inlets.
Modelled fluxes through the inlets are compared with the empirically
derived water discharges from the moored ADCP. The model reproduces the
fluxes through the inlets with a correlation coefficient larger than 0.98 in all
cases and a RMSE of 634.4, 563.6 and 435.2 m3 s−1 for Lido, Malamocco and
Chioggia inlet respectively (Table 4). The accuracy of the model is measured
additionally by the scatter index (SI) and BIAS. The SI amounts to 0.17 at
Malamocco, 0.19 at Lido and 0.22 at Chioggia. The BIAS amounts to -96.3,
39.2, -29.3 at Lido, Malamocco and Chioggia inlet respectively. Fig. 5 shows
that the model matches well the empirical fluxes at Malamocco inlet, while
slightly under-estimates the fluxes at Lido inlet and slightly over-estimates
them at Chioggia inlet.
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5.2. Sediment transport
Both suspended and bedload sediment transport is simulated by the
model over the whole computational domain. Suspended sediment concen-
tration profiles and bedload transport rates were extracted for comparison
at the bottom-mounted ADCP and sand trap sampling locations.
5.2.1. Suspended sediment concentration profile
Time series of empirical and modelled SSC for the Lido inlet during a
calm period of 2006 is shown in Fig. 6. The model reproduces the sedi-
ment resuspension patterns that mimics the tidal cycle, revealing that, in
the case of calm winds, sediments are generally resuspended locally by the
tidal currents.
Modelled suspended sediment concentration decreases with height above
the bed suggesting a Rouse like vertical profile. On the other hand, empirically-
derived suspended particle concentration shows lower values on the deepest
cell with respect to the cell next above. The model underestimates the obser-
vational SSC, especially in the uppermost layers of the water column. This
deviation is consistent with the effects of the organic matter and phytoplank-
ton on the acoustic backscatter intensity. Amos et al. (2009) reports that
the material in the benthic boundary layer of the inlets is largely inorganic
(>95%); above this layer, organic content varied widely and is greatest near
the surface. Anyway, discrepancies between observation and model results
could be also due to the turbulent vertical exchange and settling velocities
parametrization.
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5.2.2. Bedload sediment transport
Bedload sediment rate datasets are analyzed together. Even if they have
been collected in different years and different locations they are representative
of similar tidal condition. The seabed at both Chioggia and Lido sites is
dominated by well to moderately well sorted fine sand.
The comparison between measured and computed (according to the Van
Rijn algorithm) rates of sediment transport is shown in Fig. 7. The results
are expressed in terms of the discrepancy ratio (r) defined as the ratio of the
predicted and measured transport rate. Table 5 shows the percentage of r
values of the two data sets falling in the range of 0.5 ≤ r ≤ 2.
Between 40 and 50% of predicted values are within a factor 2 of the
measured values. Scatter in the Chioggia 2006 dataset reflects the high un-
certainty of the bedload algorithm at low transport stages. As shown in
Fig. 7, the model tends to underestimate the bedload transport rates at
higher transport stage (Chioggia 2007 dataset).
5.2.3. Total sediment transport through the Lido inlet
In this section a first attempt to describe the total sediment transport
through the Lido inlet is presented. Modelled cross-sectional fluxes of sus-
pended solids were obtained by summing up the SSC transports through each
cell of the cross-section.
Fig. 8a shows the comparison between the total sediment transport in sus-
pension computed by the model and the solid flux derived from the ADCP
(both bed-mounted and vessel-mounted). During low and moderate wa-
ter speed conditions the modelled sediment fluxes match the observations.
Around mid-ebb tide the model predictions exceed observations systemati-
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cally. This overestimation during mid-ebb could be due to the fact that the
model provides information on sediment transport within the lower portion
of the water column that is not detected by the ADCP sensors and where
sediments concentration is greatest. This would suggest that 40% of the total
sediment flux is found in the lowest 3 m of the inlet water column.
The model estimates the bedload transport through the inlet at the fixed
ADCP site (Fig. 8b). Results show that sediment transport through Lido
inlet is mostly in suspension (83%), while bedload represents only a fraction
of the total sediment transport (17%). Similar results have been found for
most major rivers of the world, wherein approximately 10% of the total
load is transported as bedload (Geophysics Study Committee and National
Geographic Society, 1994).
In general, for both suspension and bedload, the sediment flux is positive,
indicating a tendency for the loss of sediments from the lagoon.
6. Conclusions
In this study a 3-D hydrodynamic finite element model coupled with a
sediment transport model have been applied to reproduce the water and
sediment fluxes through the Venice Lagoon inlets. Comparison of model
results with observations in the area showed that the model could reproduce
the major features of both hydrodynamic and sediment transport in the inlet
region.
Both observations and model results reveal that the water exchanges be-
tween the lagoon and the sea are driven mainly by the tide and that, in the
case of calm conditions, sediments in the inlet region are generally resus-
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pended locally by the tidal currents.
To examine the vertical character of the tidal flow in the Lido inlet, the
bottom mounted ADCP velocities were fitted to a logarithmic profile. Even
if currents in the inlet regions are mainly barotropic, the vertical structure
of the tidal flow shows the absence of a thick log-profile during most of the
time. Consequently, a 3-D model approach is needed to represent correctly
the near bed current field. The comparison of the modelled friction velocity
with that derived from near bed ADV measurements showed that the 3-D
approach reproduces the bottom boundary properties more accurately than
the vertically integrated formulation.
Model results showed that sediment transport through Lido inlet occurs
mostly in suspension, while bedload represents only a fraction of the total
sediment transport. The model allows the prediction of the sediment trans-
port within the near bed layers which cannot be permanently investigated by
means of instrumentations, such as ADCP. Therefore, the adopted numerical
model can be considered as the suitable tool both for monitoring the ongo-
ing lagoon morphological changes and for predicting the potential changes
induced by the lagoon inlets modification related to the Mo.S.E project.
To estimate the net sediment budget (total suspended and bedload) for
the Venice Lagoon there is a need to further improve the modelling chain.
Especially in the case where during stormy conditions sediments are resus-
pended inside the lagoon, it is not true anymore that the sediments are only
resuspended locally in the inlets. In this case a 3-D fully coupled current,
wave and sediment model is needed. This model is under development and
will be next applied to investigate the long shore transport in front of the
23
Venice Lagoon and its influence on the inlet morphodynamics.
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Table 1:
Parameter Description Value
cD Wind drag coefficient 2.5·10−3
ρ0 Average Water density 1025 kg m
−3
ρa Air density 1.225 kg m
−3
AH Horizontal viscosity 0 m
2s−1
∆t Max .Time step 300 s
Table 2:
Tide Gauge RMSE BIAS SI R2
DSL 2.7 -0.4 0.10 0.995
DNM 2.8 -0.1 0.10 0.995
DSC 3.1 1.7 0.12 0.985
PS 2.2 -0.3 0.12 0.997
BUR 4.4 -0.1 0.17 0.987
MUR 3.1 1.2 0.12 0.995
SAL 2.7 1.2 0.11 0.997
CHI 3.9 2.9 0.15 0.995
Average 3.1 0.8 0.12 0.993
33
Table 3:
Inlet Depth RMSE BIAS SI R2
Lido Top (2 m) 19.1 1.6 0.35 0.83
Bottom (10 m) 14.5 -4.1 0.31 0.87
Malamocco Top (2 m) 12.3 6.2 0.22 0.96
Bottom (18 m) 7.9 0.1 0.17 0.96
Chioggia Top (2 m) 18.9 -5.0 0.34 0.86
Bottom (7 m) 12.0 0.8 0.31 0.86
Table 4:
Inlet RMSE BIAS SI R2
Lido 634.4 -96.3 0.19 0.989
Malamocco 563.6 39.2 0.17 0.990
Chioggia 435.2 -29.3 0.22 0.988
Table 5:
Dataset Number of samples Model results
Lido 2006 10 50%
Chioggia 2006 10 40%
Chioggia 2007 11 45%
Chioggia 2008 8 50%
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